Introduction
============

Chronic osteomyelitis is characterised by the presence of sequestered bone. This becomes an infective nidus on which bacterial colonies may form a biofilm and significantly undermine the body\'s ability to mount an effective immune response [@B1],[@B2]. Effective treatment must include adequate excision of this dead bone and biofilm. This will produce a bone defect, or dead space. One of the central tenets of the surgical treatment of osteomyelitis is to ensure that the dead space left at the end of the surgery is appropriately managed [@B3],[@B4].

At the end of debridement, the surgeon must assume that the whole operative field will be contaminated with bacteria disseminated during the surgery. Bone is an unyielding tissue so any defect left at the end of the surgery will remain and will fill with haematoma. This environment is low in oxygen and has a low pH, which provides an ideal environment for the propagation of these persisting planktonic bacteria and allows early biofilm development. Systemic antibiotics are administered in an effort to target these remaining organisms, but the perfusion of antibiotics into bone defects may be poor, resulting in low antibiotic penetration. A more attractive option would be to use an antibiotic carrier that can fill the void and deliver high concentrations of local antibiotics.

In this article, we will investigate the use of various ceramic biocomposites used to fill bone voids and evaluate the evidence for their use as biodegradable antibiotic carriers in the treatment of chronic osteomyelitis.

The argument for local antibiotic carriers
==========================================

One of the clear advantages of using a local antibiotic carrier is the ability to achieve high local concentrations of antibiotic without systemic toxicity. The dosing of systemic antibiotics is limited by the potential toxic effects they may have on organs, such as the kidneys. Local antibiotic carriers can elute high concentrations of antibiotic locally, often in the order of 10-100 times the minimum inhibitory concentration for the organisms present [@B5],[@B6] and potentially above the mean biofilm eradication concentration. The importance of performing a thorough debridement of the sequestered bone in osteomyelitis cannot be overstated, particularly when the presence of a biofilm can confer organism resistance to antibiotics in the order of a 1000 times higher than normal therapeutic concentrations [@B7]. Following debridement, there will inevitably be planktonic organisms present throughout the operative field. If the debridement has been adequate, there will be very little biofilm present with static bacteria, so there is an opportunity to kill the residual planktonic bacteria before new biofilm and resistant colonies can be established. Local antibiotic carriers may be effective at eradicating even moderately resistant organisms in situations where systemic antibiotics would not, due to the limitations posed by systemic toxicity. Despite these high local levels, the systemic concentrations of antibiotic with the use of local carriers seem to remain low [@B8],[@B9].

The other advantage of using an inorganic carrier to deliver local antibiotic is the fact that it can be biodegradable. This negates the need for further surgery to remove implanted antibiotic spacers once they have served their purpose, and makes single stage surgery for osteomyelitis a viable option.

Several animal studies have demonstrated that the combination of an antibiotic with a ceramic carrier is effective for treating infection [@B8],[@B10]-[@B15]. Several writers have also published their outcomes for treating chronic osteomyelitis in humans with ceramic antibiotic carriers [@B9],[@B16]-[@B22].

Comparison of antibiotic elution between polymethylmethacrylate (PMMA) cement and bioceramics
=============================================================================================

Release of antibiotics contained within PMMA bone cement relies on surface diffusion. The rate of antibiotic release is therefore influenced by the surface area of the antibiotic spacer and the concentration gradient between its surface and the surrounding soft tissues [@B6]. The antibiotic release with PMMA is initially high during the first 48-72 hours postoperatively but quickly falls to lower, sub-therapeutic levels for a sustained period. One study has shown that PMMA beads may continue to elute low levels of antibiotic even up to five years following implantation [@B23]. This long release profile is a major drawback in osteomyelitis treatment. Prolonged low-level release of antibiotics below the minimum inhibitory concentration needed to eradicate organisms creates a selection pressure that may cause multi-drug resistant organisms to predominate. Furthermore, once the antibiotic levels are too low to kill organisms the PMMA itself can become colonized and organisms are able to form a biofilm upon its surface [@B23],[@B24]. This problem could be negated with a secondary surgical procedure to remove the PMMA, although it may be preferable to avoid further surgery in osteomyelitis treatment, particularly when the soft tissue envelope is often suboptimal.

By contrast, antibiotic containing ceramic preparations have the advantage of high local antibiotic elution for a finite release time, based on the speed at which the carrier dissolves. All antibiotics contained within ceramic carriers will be released, and there is no prolonged low-level release of antibiotics as seen with PMMA.

The ideal bone substitute
=========================

After infection eradication, the next priority is to support the osseous repair of the cavity left behind following debridement. The gold standard against which all bone graft substitutes must be compared remains autologous bone graft [@B25],[@B26]. This is able to provide three core attributes for bone healing: osteoconduction, osteoinduction and osteogenesis.

[Osteoconduction]{.ul} is the provision of a biocompatible scaffold to act as a framework for the adhesion of osteogenic cells and the ingrowth of new blood vessels [@B27]. [Osteoinduction]{.ul} is the process that supports the mitogenesis of undifferentiated mesenchymal cells leading to the formation of osteoprogenitor cells with the capacity to form new bone [@B28]. This property is in large part due to the influence of bone matrix protein of the transforming growth factor (TGF)-β superfamily, which includes the bone morphogenetic proteins (BMP) [@B27].

[Osteogenesis]{.ul} exists when the graft material contains cells capable of synthesizing new bone. This property can only exist in autograft or when bone substitutes are enriched with cultured autologous cells [@B26],[@B29]. It remains unclear whether host cells remain viable with the use of non-vascularised autografts [@B30].

Ideal bone void filler in osteomyelitis
=======================================

An ideal bone void filler must be:biocompatible to avoid local reactionsbioabsorbable to avoid the need for removal surgeryable to elute high levels of local antibioticable to provide mechanical strength to support boneosteoconductive to encourage new bone ongrowth and remodelling

Obliteration of any dead space in bone is important for reducing the risk of haematoma accumulation that can be a nidus for residual infection. Some void fillers have the additional advantage of being injectable while still in paste form, allowing the whole void to be filled. Some carriers have been developed that are polyphasic, containing more than one constituent, resulting in staggered resorption of the material and potentially providing inherent mechanical stability for longer periods of time. This phased resorption may also theoretically aid new bone formation as it provides a porous scaffold onto which bone may grow. This process is optimised if the pore size of the dissolving scaffold mirrors that of bone, in the region of 150-500μm [@B31]-[@B33].

Unlike autologous bone graft, ceramic bone substitutes are not in themselves osteoinductive or osteogenic. However, their use avoids the morbidity of collecting bone graft from distant sites to fill bone voids [@B34]. Some recent animal studies have investigated the use of biological bioceramic composites with the addition of BMP and/or osteogenic cells to try to replicate these important attributes, which will be discussed later.

Finally, any material used in delivering local antibiotics must be evaluated for its biocompatibility and perform its desired function in the body without eliciting adverse local or systemic effects in the recipient [@B35].

Types of bioceramics
====================

The principle types of biodegradable ceramics available for antibiotic delivery are based on either calcium sulphate or calcium phosphate. Within the calcium phosphate group, there are several different ceramics (Table [1](#T1){ref-type="table"}) with the two principle types being tricalcium phosphate and hydroxyapatite.

There are also preparations combining more than one type of ceramic, often combining calcium sulphate with a ceramic from the calcium phosphate group. Biphasic tricalcium phosphate is actually a form of calcium phosphate containing an intimate mixture of β-tricalcium phosphate and hydroxyapatite.

Calcium sulphate
================

Calcium sulphate is an inorganic, naturally occurring compound with the formula CaSO~4~. It exists in several different hydrate forms, depending on how much water is incorporated into its crystal lattice. There are three principle forms that calcium sulphate can take:The anhydrous state (known as anhydrite) with the formula CaSO~4~The hemihydrate state with the formula CaSO~4~•0.5H~2~OThe dihydrate state (known as gypsum or \'plaster of Paris\') with the formula CaSO~4~•2H~2~O.

The hemihydrate form of calcium sulphate can further be divided into two forms: an alpha-hemihydrate and a beta-hemihydrate. Although more or less chemically identical, these two forms of hemihydrate have differing porosities.

When water is added to the hemihydrate form, there is a slight exothermic reaction and gypsum is formed, which sets due to the formation of a solid crystal lattice.

Calcium sulphate has been used as a bone graft material since 1892 [@B36]. In all its forms, calcium sulphate is a white solid which is poorly soluble in water. When water is added to powdered calcium sulphate, a paste can be produced that sets at low temperatures.

Calcium sulphate has a compressive strength that is equivalent to cancellous bone [@B37]. However, it is brittle and quickly loses its strength as it is hydrolysed. Its dissolution occurs relatively quickly; 3-6 weeks in soft tissues and 6-12 weeks in bone [@B38]. It is therefore not effective as a structural void filler because it is not present for long enough to support new bone healing [@B39]. In a series looking at the use of a calcium sulphate antibiotic carrier as a void filler following chronic osteomyelitis excision, there was only partial bone ingrowth in 59% of cases and none in 37% at final follow-up [@B21]. Calcium sulphate is effective at delivering high levels of local antibiotic because it dissolves relatively quickly. Conversely, this mean it is unable to provide any significant long-term mechanical support or act as a scaffold for tissue regeneration [@B43].

As it dissolves, calcium sulphate produces an acidic microenvironment [@B40]-[@B42]. This has been implicated in causing some local wound issues, with serous ooze in a proportion of cases [@B16],[@B20],[@B22], although this seems to be self-limiting [@B21].

Calcium phosphate
=================

Calcium phosphate is the principle mineral found in bone and includes a family of minerals containing calcium ions (Ca^2+^) together with orthophosphates (PO~4~^3-^). It exists in various forms (Table [1](#T1){ref-type="table"}), with hydroxyapatite being the most abundant, making up around 70% of the mineral content of bone by weight. Other forms used in antibiotic carriers include tricalcium phosphate and dicalcium phosphate, of which the hemihydrate form, known as Brushite, is most widely used.

Mechanical properties of calcium orthophosphates
------------------------------------------------

While tricalcium phosphate and hydroxyapatite have similar compressive strengths to calcium sulphate, monocalcium phosphate has mechanical compressive strength in the order of 4-10 times that of cancellous bone [@B37]. However, the true mechanical strength *in vivo* is likely to be significantly less because the graft is relatively brittle and less able to withstand normal physiological tensile and shear forces within bone [@B37],[@B44].

Another significant difference in comparison to calcium sulphate is the much longer resorption time seen in these phosphate ceramics (Figure [1](#F1){ref-type="fig"} and Table [2](#T2){ref-type="table"}) [@B36]. The rate at which resorption occurs in orthophosphate ceramics is most predicted by their solubility in water. If the ceramic is less soluble than the mineral part of bone, it dissolves extremely slowly, and if it is more soluble, it dissolves more quickly [@B45].

Tricalcium phosphate resorbs over a period lasting between 6-18 months [@B46],[@B47], whereas monocalcium phosphate and hydroxyapatite can resorb over a period ranging from 6 months to 10 years [@B37]. Given that their crystalline surface is compatible with osteoconduction, there is a greater potential for bone repair over time than with the use of calcium sulphate in isolation. Hydroxyapatite is the most osteoconductive material in this group.

All calcium phosphate ceramics are formed in one of two ways: i) as precipitations out of an aqueous solution at low temperatures or ii) through sintering at high temperature, often above 800°C. Calcium phosphate cements (which are discussed below) are all produced through low temperature reactions, but many of the other orthophosphate ceramics come as solids, prepared using the high temperature reaction of sintering. These sintered ceramics are highly crystalline which makes them osteoconductive, but also highly insoluble and very slow to dissolve. The low temperature orthophosphates may be more appropriate in the treatment of osteomyelitis, as they have intermediate remodelling times. For example, the amorphous hydroxyapatite produced though low temperature precipitation in calcium phosphate cements may dissolve over 6 to 12 months. In contrast, the highly crystalline hydroxyapatite produced through sintering may remain present for decades [@B48]. Indeed, its dissolution is not a passive process because, unlike the other orthophosphates, hydroxyapatite relies entirely on osteoclastic cellular activity for its breakdown [@B49]. In some situation, this slow dissolution of ceramic can cause problems as a nidus for future infection (Figure [2](#F2){ref-type="fig"}).

Calcium phosphate cement
------------------------

Calcium phosphate can be made into a cement producing a workable material that can be molded or injected into a defect [@B50]. It hardens isothermically, allowing heat sensitive antibiotics to be added without being destroyed [@B51]. The cement contains an aqueous solution and a fine powder containing one or more groups of calcium phosphate compounds. As the powder is added to a premeasured volume of fluid, a reaction occurs in which the ceramic initially forms a fluid paste that can be used to fill bone defects completely. This is an advantage in preventing further fluid re-accumulation following debridement surgery. As the reaction continues, crystals precipitate and as they grow, they interdigitate with one another forming a solid-setting cement [@B52]-[@B54]. Once it has solidified, it continues to harden and has a compressive strength equal to cancellous bone by 48 hours [@B27].

These calcium orthophosphate cements fall into two different categories depending on what the final product of this crystallization reaction is: i) calcium deficient hydroxyapatite or ii) Brushite [@B54].

Although mechanically strong, the downside of calcium phosphate cements is that they only degrade layer-by-layer, limiting new bone ingrowth because the pore sizes present remains too small to support bone infiltration [@B45].

In practice, calcium phosphate cements are rarely pure as they often contain other compounds. The calcium phosphate bone substitute Norian™ (DePuy Synthes, Warsaw, Indiana, USA) consists of a combination of α-tricalcium phosphate (85%), calcium carbonate (12%) and monocalcium phosphate (3%) [@B44].

Although a variety of antibiotics can be added to ceramic carriers, their addition to calcium orthophosphate cements can have major impacts on setting times and mechanical strength [@B50],[@B55].

Polyphasic bioceramics
======================

Combining differing types of ceramics into one formulation gives the potential of having more than one phase of resorption. A faster resorbing component, such as calcium sulphate, can dissolve quickly, allowing high early release of antibiotic and leaving behind a porous scaffold offering more prolonged structural stability and bone ingrowth [@B56]. There is a fine balance in optimising new bone formation: if resorption is too slow, the ceramic will obstruct bone healing; if resorption is too fast, gaps will form between the ceramic and the bone which are too wide to bridge [@B49].

The optimal resorption rate can be better achieved through the combination of calcium sulphate with calcium orthophosphates. For example, by combining calcium sulphate and amorphous hydroxyapatite in a ceramic cement, a more porous hydroxyapatite scaffold is left behind after the calcium sulphate undergoes early dissolution. This higher porosity provides a greater available surface area for breakdown by osteoclastic activity, accelerating the resorption rate.

Antibiotic elution profiles of ceramic antibiotic carriers
==========================================================

Antibiotic release has been studied in a number of *in vitro* and animal studies. A breakdown of some of these studies is given in Table [3](#T3){ref-type="table"}.

The reported antibiotic elution profiles of different bioceramics remain fairly similar, with the majority of carriers delivering antibiotics above the minimum inhibitory concentrations for between 3-4 weeks. The two principle exceptions to this are the studies of Rauschmann et al. [@B57] and Maier et al. [@B58], where the antibiotic elution was significantly shorter, tailing off at 10 and 6 days respectively. This difference might be explained by the fact that in these papers, the antibiotics were added to the pre-formed ceramic pellets rather that during the ceramic mixing phase before final setting. If the antibiotic is added to the final ceramic solid then its release is governed by diffusion alone. Conversely, if the antibiotic is added before the ceramic has set, then a proportion of the antibiotic may be trapped within the ceramic and only become available for release on the dissolution of the carrier, which takes more time. Hamanishi et al. [@B51] added varying concentrations of vancomycin to a calcium phosphate cement and found that the release profile was prolonged when higher concentrations of antibiotics were used.

Concerns regarding the cytotoxicity of antibiotics
==================================================

Kwong et al. showed that exposure of cultured stem cells taken from femoral bone marrow to tobramycin at high levels demonstrated a negative effect on the osteogenic potential of the stem cells [@B62]. Another study looking at a gentamicin coating to titanium implants found no negative impact on osteoblast function [@B63].

Rathbone et al. investigated the *in vitro* effect of various antibiotics on human osteoblast cell numbers and activity indirectly by measuring osteoblast DNA and alkaline phosphtase (ALP) levels after 10-14 days of antibiotic exposure [@B64]. This group found that there was a significant variability of effect noted with different antibiotics. Antibiotics with the greatest decrement include ciprofloxacin, doxycycline, minocycline, rifampicin, colistin methanesulfonate, gentamicin, and penicillin. In contrast, vancomycin, amikacin and tobramycin, were the least cytotoxic and did not appreciably affect cell numbers and activity until very high concentrations were used. The authors point out that it is not clear how well the measurement of osteoblast DNA and ALP levels translate into *in vivo* impairment of bone formation.

One observation from this study is that at very high doses, all antibiotics demonstrated a suppressive effect on osteoblast numbers. Therefore, these negative antibiotic effects on osteogenesis must be weighted up against the need for eradication of local infection. While bone recovery is desirable, the initial priority is the clearance of infection and this must take precedence over any reconstruction considerations. In practice, several antibiotics have been successfully used in the treatment of chronic osteomyelitis but this work may well inform choices about antibiotic selection if several options are available.

Current commercially available ceramic antibiotic carriers
==========================================================

Much experimental work has been done looking at combining various antibiotics with ceramics, but at present, there are only a few commercially available antibiotic carriers licensed for the treatment of osteomyelitis (Table [4](#T4){ref-type="table"}). Of these, PerOssal (*aap* Implantate AG, Berlin, Germany) and Stimulan (Biocomposites, Keele, UK) do not contain antibiotics. They are mixed with antibiotics at the time of implantation. However, currently the addition of antibiotics to Stimulan has not been assessed by a European Medicines Competent Authority and is considered off-label usage.

Of these, the most extensively investigated in the surgical management of chronic osteomyelitis is Osteoset T (Wright Medical, Memphis, Tennessee, USA) [@B16]-[@B21]. Cerament G (Bonesupport, Lund, Sweden) is a biocomposite containing calcium sulphate and hydroxyapatite that has a flowable delivery system. Once mixed, it forms a paste that can be injected into bone defects, completely filling the cavity and excluding any dead space, which obliterates any areas that may harbour residual bacteria or small fragments of biofilm [@B65]. The high level of a bacteriocidal antibiotic released acts at an important time, when most residual bacteria will be in planktonic form after adequate debridement. A comparison of the outcomes for Osteoset T and Cerament G in the surgical treatment of chronic osteomyelitis showed there to be fewer wound healing problems in the Cerament G group, with the complications of infection recurrence and fracture being two times less likely compared to Osteoset T [@B66].

Outcomes in the use of ceramic antibiotic carriers
==================================================

The current studies that investigate the outcomes of chronic osteomyelitis in humans treated with commercially available antibiotic carriers are presented in Table [5](#T5){ref-type="table"}. Only studies investigating long bone osteomyelitis and including more than two cases were included in this analysis.

Infection recurrence
--------------------

Infection recurrence rates were reported to be between 0-20% in these series, although the only series with 100% infection clearance contained only six cases [@B17]. Chang et al. also included a control group of patients treated with debridement alone [@B18]. The recurrence rate in this group was 40%, compared to 20% in the group where Osteoset T was used. McKee et al. compared Osteoset T to a control where antibiotic-loaded PMMA was used. There was no difference in infection recurrence rates between the two groups (14%) [@B19].

The only study investigating a commercially available biphasic cement showed a lower infection recurrence rate of 4% [@B65]. This large study included patients with poor Cierny & Mader (C-M) hosts and Type III and IV chronic osteomyelitis, infected non-union and concomitant septic arthritis. Eighty percent of the cases had significant co-morbidities (C-M Class B hosts) that would normally predict a high recurrence rate.

Bone healing
------------

The degree of bone healing seen after removal of dead bone is important because there is a risk of subsequent fracture if the bone is unable to repair sufficiently. The use of calcium sulphate as a bone void filler has been associated with a fracture rate of between 5-14% [@B16],[@B19],[@B21] and may not allow adequate bone healing after excision (Figure [3](#F3){ref-type="fig"}). To minimize the risk of subsequent fracture following debridement surgery, it is important to plan the best approach to the sequestrum. Ideally, if a good bar of involucrum or healthy bone exists, then the surgical approach should try to preserve this. There is a greater risk of fracture if there is a larger defect, particularly if it involves the cortex. In theory, a filler with greater mechanical strength might offer a reduced risk of subsequent fracture when treating cortical defects. McNally et al. demonstrated a low fracture rate of 3% in their series using Cerament G [@B65].

Problems with Bioceramic carriers
=================================

Wound healing
-------------

Inflammatory reactions have been described with the use of calcium sulphate void fillers [@B40],[@B67],[@B68]. It is postulated that with the rapid resorption seen with calcium sulphate, there is release of a calcium-rich fluid which can incite inflammation [@B33]. Several series have commented on a high wound leakage rate when using calcium sulphate antibiotic carriers with rates of 32% [@B16], 23% [@B67], and 15% [@B21] in three difference series. In the last series, early wound leakage was not predictive of infection recurrence and the advice was that early wound ooze can be managed expectantly as the vast majority of cases resolve without intervention. Wound ooze seemed to be a smaller issue with the use of the biphasic cement carrier Cerament G, with McNally et al. demonstrating a wound leak rate of 6% in their series of 100 cases [@B65]. This may reflect the smaller volume of calcium sulphate present and the larger percentage of less soluble hydroxyapatite.

Safety
------

### Antibiotic toxicity

There have been two reports of systemic toxicity from local antibiotic carriers; in one series with the use of gentamicin impregnated sponges in infected total hip arthroplasty [@B69] and in another study using demineralized bone matrix containing gentamicin [@B70]. However, no published series investigating ceramic antibiotic carriers have thus far demonstrated systemic toxicity. Systemic antibiotic levels in rabbit [@B71],[@B72] and canine [@B8] models were low, and were only detectable during the first day after implantation of calcium sulphate antibiotic carriers and remained undetectable thereafter. A study investigating the release profile of gentamicin from a calcium sulphate carrier in 20 patients with osteomyelitis found that urinary and serum antibiotic levels remained low and reached a peak of only 0.2μg/mL (range 0.05-0.6μg/mL) at 24 hours [@B9]. The peak level which is associated with gentamicin toxicity is \>12 µg/mL.

In our study of serum levels of gentamicin in 32 patients with implantation of Cerament G into fracture, tumour and osteomyelitis bone defects, all patient had very low serum levels (below 1µg/mL) in the first 5 days after surgery [@B73].

Hypercalcaemia
--------------

In one case series, the use of a calcium sulphate carrier (Stimulan) containing vancomycin and gentamicin for the treatment of periprosthetic injection in total hip replacement resulted in transient hypercalcemia in 3 out of 15 patients [@B71]. One patient required treatment with intravenous fluids. Another single case report showed a transient hypercalcemia with the use of calcium sulphate (Osteoset) containing a mixture of vancomycin and tobramycin in a patient undergoing revision hip arthroplasty for infection [@B74]. The patient developed delirium and serum calcium levels remained high for 7 days, necessitating treatment with intravenous saline and a single dose of Calcitonin 200IU on day seven. There is currently no other evidence of hypercalcemia occurring in the treatment of chronic osteomyelitis in any other series. Hypercalcemia was also investigated in a calcium sulphate animal study, and it was not detected [@B8].

Composite Carriers containing growth factors
============================================

Some research has looked at combining the osteoconductive properties of composite bioceramics with the osteoinductive properties of BMP-2. Although the osteoblast effect and osteoinductive potential of BMP\'s are well established, there exists a simultaneous osteoclast induction, causing premature resorption of the newly formed callus [@B75],[@B76]. As a result, Raina et al. have looked at a composite bioceramic containing a combination of hydroxyapatite and calcium sulphate in alpha hemihydrate and dehydrate forms along with BMP-2 and the bisphosphanate zoledronic acid [@B77]. In a rat model, the mineralised volume of bone recovered was significantly higher when the biphasic material was combined with both BMP-2 and zoledronic acid as compared to BMP-2 alone or on its own. In another animal study, Schlickewei et al. investigated the combination of the bisphosphanate alendronic acid with an injectable calcium phosphate cement in a rabbit tibia model [@B78]. Twelve weeks following implantation, they reported no difference in new bone formation between the calcium phosphate cement containing alendronic acid and the calcium phosphate cement alone.

Tissue engineering involves the addition of living cells to a graft substitute with the aim of producing an osteogenic material. Bone marrow aspirate can be centrifuged and the mesenchymal cells taken and added to graft material. This can be achieved by using bone marrow aspirates or by culturing stem cells to add to the graft [@B79]. Some researches have achieved 50 population doublings of cultured bone marrow cells, theoretically achieving better osteogenic potential for grafts to which they are added [@B79],[@B80]. At present, the major limiting step seems to be achieving vascularisation of the graft to maintain the viability of these bone-forming cells following implantation in grafts large enough for clinical applications [@B80]. There are no clinical data on the use of combinations of tissue engineering techniques and bioceramics with antibiotics in the management of bone infections.

Oxford Protocol for dead space management with ceramic biocomposite antibiotic carriers
=======================================================================================

Based on the available clinical studies, it is difficult to give clear guidance on the use of ceramic biocomposites in specific patients. There are few comparative studies or randomized trials. It is important to define the type of bone defect which must be managed and the requirement for bone formation. The Cierny-Mader classification can help in determining the preferred surgical options for dead space management.

In Type I, with a purely medullary defect, there is a requirement for high antibiotic elution but new bone formation is less important, as there is little compromise of the cortex. Calcium sulphate pellets containing antibiotic are easy to use in this indication. The medullary sequestrum can be removed by using a powered reamer of gradually increasing size under image intensifier guidance. The pellets can be passed into the medullary canal via the reamer entry point, using a plastic tube in the medullary canal. The calcium sulphate will degrade relatively quickly, releasing high levels of the antibiotic. Concerns about limited mechanical support or osteoconduction potential offered by the calcium sulphate are not relevant in this situation because the outer cortex remains intact. It may be preferable to maintain the patency of the medullary canal in case future instrumentation is required. Furthermore, the issues surrounding wound leakage with calcium sulphate are of less relevance because the pellets are contained within the medullary cavity.

This approach has been shown to be highly effective in medullary (C-M Type I) osteomyelitis [@B19], [@B21] (Figure [4](#F4){ref-type="fig"}).

In Type II lesions, the sequestrum is purely cortical. Following complete removal of the affected bone, the priority is to ensure that the area is covered with a healthy, well-vascularized soft tissue envelope. If possible, this can be achieved by direct closure, or if not, with a local or free muscle flap. These lesions do not require antibiotic carriers if the soft tissues are able to cover the excision site. Full excision of the cortical lesion should ensure adequate systemic delivery of antibiotic through the normal medullary bone and overlying soft-tissues.

In Type III lesions, there is a cortico-medullary lesion with an intact pillar of healthy cortical bone crossing the infected zone. In these lesions, pre-operative planning should include cross sectional imaging so that the surgical approach to the infected bone can be made without compromising the unaffected bone integrity. The dead space created by excision will be a cavitary defect. In this situation, a bioceramic with good void filling and initial mechanical stability is preferred (Figure [5](#F5){ref-type="fig"}). Injectable void filler can fill all areas of the defect, eliminating all dead space and providing maximal structural support. It has the added advantage that the exposed bone can be coated with a carrier, which delivers antibiotics directly to the surface at high concentrations. Composite carriers can provide a scaffold for new bone formation as their constituents undergo phased resorption. They have been shown to allow osteoconduction, potentially enhancing defect filling with living bone [@B48]. This can avoid secondary bone grafting in many cases [@B65]. As with calcium sulphate carriers, biocomposites can produce wound leakage of material during the dissolution phase. Good vascularized soft tissue closure is important, and therefore flap coverage may be required over the tibia.

In Cierny-Mader Type IV lesions with segmental involvement, the role for ceramic biocomposites is not well defined. There is currently little published data on the results of the use of bioabsorbable antibiotic carriers in non-unions and segmental defects. The evidence around bone formation with calcium sulphate alone would suggest that it is not sufficient to allow complete bone healing of a segmental defect after excision for infection [@B21], [@B27].

In a single study including 10 cases with infected non-unions, small segmental defects of up to 1cm were treated with single stage surgery, filling the bone defect with calcium sulphate/hydroxyapatite with gentamicin (Cerament G). Eight of the 10 cases healed with a single operation and all 10 remained infection-free at final review [@B65].

In our protocol, defects up to 2cm in the lower limb are managed with acute shortening for bone contact with internal or external fixation. When internal fixation is used, we coat the implant with Cerament G to reduce colonization of the implant surface (Figure [6](#F6){ref-type="fig"}). Defects above 2cm in the lower limb are probably not suitable for the use of ceramic void fillers due to uncertainty about formation of bone and non-union risk. However, if a staged treatment is planned, it is possible to manage the segmental infection first, using an antibiotic loaded biocomposite, followed by secondary bone reconstruction after eradication of infection.

For tibial or femoral defects between 2-5cm, we prefer acute compression at the fracture site with relengthening through a corticotomy at another level using a circular or monolateral frame (bifocal compression-distraction). Defects above 5 cm will usually require a bone transport technique.

In the upper limb, humeral segmental infections can often be managed with shortening for bone contact. For large defects (\>3cm), particularly in the forearm, we prefer the use of free vascularized fibular grafts with external fixation. When internal fixation is needed, coating with an antibiotic carrier is a useful adjunct.

Conclusion
==========

Local release of antibiotic has advantages in the treatment of chronic osteomyelitis and infected fractures. The adequacy of surgical debridement is still key to successful clearance of infection, but local antibiotic carriers seem to afford greater success rates by targeting the residual organisms present after debridement.

A dissolving ceramic antibiotic carrier raises the possibility of single stage surgery with definitive closure and avoids the need for subsequent surgery for spacer removal.

Although calcium sulphate pellets have been shown to be effective in treating local infection, newer polyphasic carriers are now available which may support greater osseous repair and reduce the risk of further fracture or the need for secondary reconstructive surgery. The use of ceramic biocomposites to deliver antibiotics together with BMPs, bisphosphonates, growth factors or living cells is under investigation and merits further study. Planning surgery based on the Cierny-Mader classification helps to guide the most appropriate treatment strategy and antibiotic carrier selection, although there is still no clear evidence to guide the management of Grade IV segmental infections.

![Duration of remodelling or dissolution of various ceramic biocomposites.](jbjiv02p0038g001){#F1}

![**(A)**This proximal tibial plateau fracture was treated with open reduction and internal fixation. Elevation of the depressed plateau created a bone void in the lateral condyle which was filled with a composite of α-tricalcium phosphate, calcium carbonate and monocalcium phosphate (Norian™) (white arrow). **(B)** Radiograph taken 4 years later shows no remodelling of this very stable ceramic. **(C)** The patient presented again at 6.5 years after implantation of the ceramic with an abscess over the lateral tibia (white arrows) and septic arthritis of the knee. The ceramic material remains unchanged and is now involved in the infection. It was difficult to remove at surgery.](jbjiv02p0038g002){#F2}

![**(A)**This infected ankle fusion was treated by radical excision, Ilizarov stabilisation and filling of the cortico-medullary defect with Calcium Sulphate pellets containing Tobramycin. **(B)** At one year after surgery, the patient is infection-free and the biocomposite has dissolved. There is almost no new bone formation within the resection defect.](jbjiv02p0038g003){#F3}

![**(A)** This diabetic patient presented with a haematogenous infection of the medullary canal of the upper femur (Cierny & Mader Type I). The MRI shows the extensive medullary oedema, intramedullary abscess and cortical involucrum. **(B)** The infection was excised by medullary reaming and the dead space filled with Calcium Sulphate pellets with gentamicin. **(C)** At 4 months after surgery, the pellets have dissolved.](jbjiv02p0038g004){#F4}

###### 

**(A)** This patient suffered C-M Type III osteomyelitis of the distal femur after an open fracture. **(B)** The MRI shows the extensive medullary sequestration, the lateral cortical opening (cloaca) and anterior abscess. **(C)** At operation, the infected bone was excised and the cavitary defect filled with 30mls of calcium sulphate/hydroxyapatite biocomposite with gentamicin (Cerament™G). **(D)** Six months after implantation, the biocomposite has undergone major remodeling. **(E)** Bone biopsy (Haematoxylin and Eosin stained microscopy) shows widespread new bone formation within and on the surface of the material (CG = Cerament ™G).

![](jbjiv02p0038g005)

![](jbjiv02p0038g006)

![**(A)**This infected non-union of the proximal humerus occurred after attempted minimal internal fixation with Kirschner wires. The non-union has been excised and internally fixed in a single procedure. **(B)** The small bone defects around the non-union, the empty holes in the plate and the central medullary space have been filled with calcium sulphate/hydroxyapatite biocomposite with gentamicin (Cerament™G).](jbjiv02p0038g007){#F6}

###### 

Different forms of calcium phosphate.

  --------------------------------------------------------------------------------------------------------------
  Form of Calcium Phosphate                        Chemical formula
  ------------------------------------------------ -------------------------------------------------------------
  **Monocalcium phosphate**                        

  Monocalcium phosphate monohydrate                Ca(H~2~PO~4~)~2~•H~2~O

  Monocalcium phosphate anhydrous                  Ca(H~2~PO~4~)~2~

  **Dicalcium phosphate**                          

  Dibasic calcium phosphate dihydrate (Brushite)   CaHPO~4~•2H~2~O

  Dibasic calcium phosphate hemihydrate            CaHPO~4~•0.5H~2~O

  Dibasic calcium phosphate anhydrous (Monetite)   CaHPO~4~

  **Tricalcium phosphate**                         Ca~3~(PO~4~)~2~

  α-Tricalcium phosphate                           α-Ca~3~(PO4)~2~

  β-Tricalcium phosphate                           β-Ca~3~(PO4)~2~

  **Hydroxyapatite**                               

  Hydroxyapatite                                   Ca~10~(PO~4~)~6~(OH)~2~

  Calcium-deficient hydroxyapatite                 Ca~10~-*x*(HPO~4~)*~x~*(PO~4~)~6-*x*~(OH)~2-*x*~\
                                                   (0 \< *x* \< 1)

  **Biphasic Tricalcium Phosphate**                Intimate mixture of tricalcium phosphate and hydroxyapatite

  **Tetracalcium phosphate**                       Ca~4~(PO~4~)~2~O

  **Octacalcium phosphate (Hilgenstockite)**       Ca~8~(HPO~4~)~2~(PO~4~)~4~•5H~2~O
  --------------------------------------------------------------------------------------------------------------

###### 

Resorption times for various ceramic carriers.

  ----------------------------------------------------------------------------------------------------
  Material                                          Resorption time             Compressive strength
  ------------------------------------------------- --------------------------- ----------------------
  Calcium sulphate                                  3-6 weeks in soft tissues   Poor

  6-12 weeks in bone                                                            

  Tricalcium phosphate                              6-18 months                 Intermediate

  Calcium phosphate                                 6 months-10 years           Excellent

  Hydroxyapatite                                                                

  \* Amorphous precipitated low temperature form\   6-12 months                 Excellent
  \* Sintered high temperature form                                             

  10 years plus                                     Excellent                   
  ----------------------------------------------------------------------------------------------------

###### 

Papers investigating in vitro antibiotic elution times for ceramic local antibiotic carriers.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Paper                         Material                        Contents                                           Model                      Antibiotic              Elution time
  ----------------------------- ------------------------------- -------------------------------------------------- -------------------------- ----------------------- ---------------
  Hamanishi et al. 1996 (51)    Calcium orthophosphate cement   Tetracalcium phosphate\                            Laboratory                 a\) Vancomycin 1%\      a\) 2 weeks\
                                                                Dicalcium phosphate dihydrate                                                 b) Vancomycin 2%\       b) 4 weeks\
                                                                                                                                              c) Vancomycin 5%        c) \>9 weeks

  Turner et al. 2005 (8)        Not stated                      Calcium sulphate                                   Canine                     Tobramycin              14-28 days

  Rauschmann et al. 2005 (57)   Not stated                      Calcium sulphate\                                  Laboratory                 Vancomycin\             10 days
                                                                Hydroxyapatite                                                                Gentamicin              

  Webb et al. 2008 (59)         Not stated                      Calcium sulphate                                   Laboratory                 Daptomycin              Up to 28 days

  Scharer et al. 2009 (60)      Prodense                        Calcium sulphate\                                  Laboratory                 Vancomycin              21 days
                                                                Tricalcium phosphate\                                                                                 
                                                                Dibasic calcium phosphate hemihydrate (Brushite)                                                      

  Wang et al. 2011 (61)         Not stated                      Calcium sulphate\                                  New Zealand White Rabbit   Vancomycin              21 days
                                                                BMP-2                                                                                                 

  Maier et al. 2013 (58)        Cerasorb                        Tricalcium phosphate                               Laboratory                 Vancomycin Gentamycin   4-6 days
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Commercially available ceramic antibiotic carriers.

  --------------------------------------------------------------------------------------------------------
  Product      Composition                               Form                          Antibiotic
  ------------ ----------------------------------------- ----------------------------- -------------------
  Osteoset T   α-hemihydrate calcium sulphate            Pellets                       Tobramycin

  Herafill G   Calcium sulphate\                         Pellets                       Gentamicin
               Calcium carbonate\                                                      
               Triglyceride                                                            

  PerOssal     Nanocrystalline Hydroxyapatite (51.5%)\   Pellets                       
               Calcium sulphate (48.5%)                                                

  Stimulan     Calcium sulphate                          Pellets or injectable paste   

  Cerament G   Calcium sulphate\                         Injectable Cement             Gentamicin\
               Hydroxyapatite (40wt%)                                                  (175mg per 10mls)

  Cerament V   Calcium sulphate\                         Injectable Cement             Vancomycin
               Hydroxyapatite (40wt%)                                                  
  --------------------------------------------------------------------------------------------------------

###### 

Papers looking at outcome of long bone osteomyelitis in humans with ceramic antibiotic carriers.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Paper                       Material (Contents)                               Number treated   Mean Age   Male: female   Mean follow up (yrs)                                      Infection recurrence   Fracture   Bone filling                              Wound leak
  --------------------------- ------------------------------------------------- ---------------- ---------- -------------- --------------------------------------------------------- ---------------------- ---------- ----------------------------------------- -------------------------
  McKee et al. 2002 (16)      Osteoset T\                                       25               44.1       15/10          2.3\                                                      2/25\                  3/25\      9 required bone graft                     8/25\
                              (Calcium sulphate\                                                                           (1.7-3.2)                                                 (8%)                   (12%)                                                (32%)
                              Tobramycin)                                                                                                                                                                                                                        

  Gitelis et al. 2002 (17)    Osteoset T\                                       6                50.0\      3/3            2.3\                                                      0/6\                   0/6\       91% bone ingrowth at final follow up      No significant drainage
                              (Calcium sulphate\                                                 (26-85)                   (1.5-3.3)                                                 (0%)                   (0%)                                                 
                              Tobramycin                                                                                                                                                                                                                         

  Chang et al. 2007 (18)      Osteoset T\                                       25               39.8\      Unknown        Unknown                                                   5/25\                  Unknown    40% bone ingrowth at 1 year               Unknown
                              (Calcium sulphate\                                                 (18-69)                                                                             (20%)                                                                       
                              Tobramycin)                                                                                                                                                                                                                        

  McKee et al. 2010 (19)      Osteoset T\                                       14               44.1       11/4           3.2\                                                      2/14\                  2/14\      Not clear\                                3/14\
                              (Calcium sulphate\                                                                           (2.2-5)                                                   (14%)                  (14%)      (Mean void consolidation time 6 months)   (21%)
                              Tobramycin)                                                                                                                                                                                                                        

  Fleiter et al. 2014 (9)     Herafill G\                                       20               51.1\      16/4           Not stated (Only 1/20 patients had long term follow up)   4/20\                  Unknown    Unknown                                   Unknown (used drains)
                              (Calcium sulphate\                                                 (24-79)                                                                             (20%)                                                                       
                              Calcium carbonate\                                                                                                                                                                                                                 
                              Gentamicin)                                                                                                                                                                                                                        

  Ferguson et al. 2014 (21)   Osteoset T\                                       193              46.1\      150/43         3.7\                                                      18/193\                9/193\     36.6% no filling\                         30/193\
                              (Calcium sulphate\                                                 (16-82)                   (1.3-7.1)                                                 (9%)                   (4.7%)     59.0% partial filling\                    (15.5%)
                              Tobramycin)                                                                                                                                                                              4.4% complete filling                     

  Humm et al. 2014 (20)       Osteoset T\                                       21               49\        18/3           1.3\                                                      1/20\                  Unknown    Unknown                                   7/21\
                              (Calcium sulphate\                                                 (26-88)                   (0.5-2.1)                                                 (5%)                                                                        (33.3%)
                              Tobramycin)                                                                                                                                                                                                                        

  Romanò et al. 2014 (22)     PerOssal\                                         27               47\        16/11          1.8\                                                      3/27\                  0/27\      Partial incorporation                     8/27\
                              (Calcium sulphate\                                                 (24-74)                   (1-3)                                                     (11.1%)                (0%)                                                 (29.6%)
                              Hydroxyapatite Antibiotic targeted to organism)                                                                                                                                                                                    

  Romanò et al. 2014 (22)     Calcium deficient\                                22               45\        14/8           1.8\                                                      3/22\                  0/22\      Partial incorporation                     6/22\
                              hydroxyapatite (Bovine collagen\                                   (23-77)                   (1-3)                                                     (13.6%)                (0%)                                                 (27.3%)
                              Teicoplanin)                                                                                                                                                                                                                       

  McNally et al. 2016 (65)    Cerament G\                                       100              51.6\      65/35          1.6\                                                      4/100\                 3/100\     Unknown                                   6/100\
                              (Calcium sulphate\                                                 (23-88)                   (1-2.8)                                                   (4%)                   (3%)                                                 (6%)
                              Hydroxyapatite\                                                                                                                                                                                                                    
                              Gentamicin)                                                                                                                                                                                                                        
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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